Laser cutting and micromachining can be applied to solar cell materials for processing and characterization applications. An ultrashort pulse (USP) laser with sub-picosecond pulse width can remove material with minimal thermal effects or damage, which is termed 'cold ablation'. Such USP laser cutting and scribing can be implemented for isolating areas within a larger cell while maintaining electrical performance and preventing laser-induced damage and shunting. Laser micromachining has been used to isolate a shunt to improve cell performance and to isolate a small, selected area to define a sample suitable for deep level transient spectroscopy.
I. INTRODUCTION
Ultrafast laser micromachining is an emerging technology for high-precision material micro-processing. Ultrafast lasers, also known as ultrashort pulse (USP) lasers, have sub-picosecond pulse widths. The energy delivered by the laser pulse is confined to a surface layer with thickness determined by the absorption coefficient or penetration skin depth. The large localized energy results in material removal by direct vaporization, which also carries away much of the laser energy [1] - [3] . Without significant thermal effects, the material ablation is given the term "cold ablation" [2] - [3] . The focused laser beam of USP lasers essentially vaporizes matter without generating significant heat, which creates novel and damagelimiting ways to machine materials. These lasers are particularly useful for machining small and precise patterns in tough materials, and since the machining process is not dependent on linear absorption at the laser wavelength, many materials can be machined by the same laser [2] - [3] . Laser ablation can be applied to semiconductors, metals, polymers, glasses, and ceramics [2] - [3] . For photovoltaic cells, laser micromachining applications include cutting cells to small test sizes with non-melted and non-shunted edges, forming scribe lines or contact openings, isolating defects, cross-sectioning through defects, and partially cutting through the device to form a smaller effective area with minimal creation of unpassivated surfaces. This last example relates to forming small samples suitable for deep level transient spectroscopy (DLTS).
II. EXPERIMENT
The laser micromachining system incorporates a USP laser from Advanced Optowave Corporation and a high-speed galvanometer scanner from Aerotech, Inc. The AOFemto model is a Yb-based, chirped-pulse-amplification laser with fundamental wavelength of 1030 nm. The pulse width is less than 600 fs, and the maximum power is as high as 10 W for repetition rates of 100 kHz to 1 MHz. The included doublercrystal can optionally be used to attain up to 5 W at 515 nm. The scanner moves the laser beam in the desired pattern on the sample with a velocity around 1 m/s. An f-theta lens focuses the beam onto the sample with a spot size of approximately 10 µm with kerf widths ranging from 15 to 30 µm. The laser cutting and micromachining energy can therefore be as high as 100 µJ/pulse (0.2 GW), but typical energies used range from 2 to 50 µJ/pulse. When focused to a spot ~10 µm in diameter, the laser fluence per pulse ranges from 2 to 70 J/cm 2 . Laser fluence needs to exceed the material ablation threshold for cold ablation, but thermal effects can occur when fluences are substantially increased.
One application for laser cutting is to extract a smaller area of interest from a larger device for localized characterization, such as for microscopy, electrical measurement, or crosssectional viewing of a specific location. Several different sizes and shapes have been cut from silicon wafers and solar cells as shown in the examples in Fig. 1 . Lasers have been used for solar cell processing, such as for drilling holes through a silicon wafer for metal-wrap-through or emitter-wrap-through types of cell architectures [4] , or for ablation of dielectric layers for localized contacting schemes as in passivated-emitter-and-rear-cell structures [5] - [6] . An example of using this AOFemto laser for silicon-nitride dielectric spot ablation is shown in Fig. 2 . The doubled 515nm laser beam is expanded to fill the 8-mm entrance aperture of a 20X microscope objective. The laser is triggered to emit just a single pulse, and the laser power ranges from near the ablation threshold at ~2 µJ/pulse to 33 µJ/pulse.
When scribing or cutting features larger than a single spot, the laser beam is scanned at approximately 1 m/s, which gives a distance between pulses of 10 µm when the laser repetition rate is 100 kHz, or 10 5 pulses per second. The rapid motion minimizes overlapping laser ablations and reduces absorption of laser energy above the site of the previous pulse and during the vapor and plasma plume dissipation. A laser scribe from a ns-pulse-based laser system is shown in Fig. 3 . Longer laser pulses lead to melt zones, microcracking, and shock waving [2] . Some of these are evident in the cross-sectional view of Fig. 3 where rough edges and fused interfaces appear along the laserscribed trench. In comparison, a laser scribe from this AOFemto laser is shown in Fig. 4 . The cross-sectional view shows relatively clean edges and an open trench suggesting minimal thermal effects, melting, cracks, or shock waves. This initial trial of scribing with the AOFemto laser shows room for improvement, though. The "V"-shaped trench suggests that the focus of the laser beam was located too far below the surface of the sample. The sample has not been cleaned after laser scribing, and there is recast material deposited along the sides of the trench. The recasting may be reduced with further optimization of the laser focus, laser power, number of sweeps, and by flowing inert gas over the scribing region to help remove vaporized material and plasma during the laser processing. A gas flow for flushing away vaporized material was not used for this example. So, further improvements will include finelyadjusted focusing and incorporating gas flow during scribing.
Another application for laser scribing is to isolate or remove a detrimental defect from a solar cell [7] . This can be accomplished by encircling the defect, such as a shunt, with a laser cut to isolate it from the rest of the cell [7] . Thus, the defect is electrically removed from the cell, which can improve the cell performance, but some area is lost due to the size of the laser-cut isolation. An example is shown in Fig. 5 , where a thermal image of a thin-film solar cell (~5 mm x 10 mm) shows two localized shunts in Fig. 5(a) . The corresponding currentvoltage (I-V) curve is shown in red in the graph of Fig. 5(d) .
One of the shunt defects is isolated by laser scribing a small circle shape around the defect as shown in the image of Fig.  5(b) . The laser cut has electrically removed the shunt defect from the cell area as shown in the thermal image of Fig. 5(c) . The I-V curve after shunt isolation is shown in blue in the graph of Fig. 5(d) which shows significantly-reduced ohmic current and a much-improved diode-like curve. This example shows how such measurements coupled with laser processing can be used to determine the effect and impact of defects or other localized features on cell performance.
Deep level transient spectroscopy (DLTS) is a capacitancebased technique for detecting and characterizing defect levels due to impurities and crystal imperfections that increase excess carrier recombination and lead to reduced solar cell performance. Challenges to performing DLTS include sample sizes, where both the overall substrate must fit in a cryostat, and the capacitance is limited to 1000 pF or less.
In order to characterize a typical commercial solar cell with a size over 15 cm by 15 cm, the sample size must be substantially reduced. First, a 1-to 2-cm size piece is sectioned from the larger size. For silicon solar cells, laser cutting is an option, as illustrated in Fig. 1 . Such cm-size pieces are easily handled and accommodated in a typical cryostat; however, the area is still too large for a DLTS measurement. So, the micromachining laser is used to scribe a mm-scale circular trench through the emitter and metal gridline of the device as shown in Fig. 6(a) . This image shows a scribed circle centered over a metal grid line with a diameter of 1.7 mm. A laser power of 17 µJ/pulse and 500 sweeps of the focused beam around the circle result in a trench that adequately cuts through the metal and isolates the circular section from the remainder of the cell cutout.
Some silicon solar cells contain thin layers of conductive materials, such as transparent conductive oxides, on the top surface and allow for contact without using the metal structures.
The Panasonic heterojunction cell known as the Heterojunction with Intrinsic Thin layer, or HIT cell, has a conductive top layer. So, forming a smaller area with the laser requires only laser scribing through the thin surface layers to effectively reduce the device area. In Fig. 6(b) , laser scribes of various size circles are patterned between the metal grid lines. The small areas are isolated using only approximately one-tenth of the circular laser sweeps that are needed to cut through the metal grid lines in Fig. 6(a) .
The circular laser scribing example of Fig. 6(c) shows small isolated structures within the busbar of a silicon cell. The laser power of 17 µJ/pulse and 500 sweeps used to scribe through the metal busbar match the parameters used for cutting through the grid line as shown in Fig. 6(a) . As similarly described for the HIT cell example of Fig. 6(b) , this approach gives a conductive contact area over the entire circularly isolated area. It also has the advantage of scribing through uniform material layers, which will be described as follows.
Current-voltage (I-V) and capacitance-voltage (C-V) measurements show the resulting properties and performance of the laser-scribed, reduced-area solar cell devices. The I-V curves of the laser-scribed devices are plotted in Fig. 7(a) . The black-colored curve represents a cleaved cm-size piece of a solar cell with diode-like behavior exhibiting exponentially- increasing current in positive forward bias and low reverse-bias current. For DLTS, reverse-bias leakage current needs to be less than 100 µA. The corresponding C-V data is plotted in black in Fig. 7(b) . The capacitance decreases with reverse bias as the depletion width increases. For DLTS, the capacitance needs to be less than 1000 pF, but for this cm-sized cell piece, the capacitance is too large.
The laser-scribed circle over a gridline is outlined in red in Fig. 6(a) . The I-V and C-V curves for this device are plotted in red in Fig. 7 . While the capacitance has been reduced to a suitable value below 1000 pF, the reverse bias leakage current is large and will limit the bias that can be applied during a DLTS measurement. As shown in Fig. 4 , laser scribing parameters are not optimized, and recast material may be leading to detrimental effects. For this sample, the metal grid line is scribed simultaneously to the remaining perimeter of the silicon cell. Any recast metal from cutting through the grid line may deposit on the nearby cell and lead to shunting. Also, the needed depth of cutting to isolate the grid line leads to excessive cutting into the cell where no grid line exists. This results in deeper cutting and more unpassivated surfaces than necessary.
The laser scribed circles between gridlines of the HIT cell are outlined in blue in Fig. 6(b) . The I-V and C-V curves are shown in blue in Fig. 7 . For a small circle of ~400 µm in diameter, the capacitance is sufficiently small for DLTS. However, the reverse-bias current will again limit the amount of bias that can be applied during a DLTS measurement. It is unclear why the leakage current is high, and so the laser scribing parameters and techniques will need to be modified to further improve the isolated device performance for the HIT cell structure.
The last example of laser scribing is a circle contained within a cell busbar as shown outlined in green in Fig. 6(c) . The I-V and C-V curves are shown in green in Fig. 7 . By cutting evenly through a uniform layer of metal and silicon below, the device has minimal detrimental effects of cutting depth and shunting due to recast material. The resulting device has very good characteristics for DLTS in the form of suitable capacitance and very low reverse-bias leakage current.
III. SUMMARY
A laser micromachining system has been developed and applied to various solar cell characterization activities. USP lasers can ablate material with very minimal heating and thermal effects. Solar cell materials can be cut and scribed to form small-area test regions without significant laser-related damage or shunting. Despite the unoptimized focus and lack of gas flow to flush away vaporized material, the laser scribes successfully isolated small solar cell areas that can be used for localized electrical characterization. Laser micromachining has been used to ablate dielectric layers for localized contacts, remove shunt defect areas from larger cells, and also isolate small cell areas within larger cell pieces for restricted-area measurements, such as DLTS.
